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SECTION  1 
INTRODUCTION 

When  high-intensity  X-rays  strike  a conducting  surface  in 
vacuum  a negatively-charged  layer  forms  just  above  the  surface.  This 
layer — called  the  space-charge-boundary  layer — ^is  formed  by  the  photo- 
electrons ejected  from  the  surface.  The  properties  of  the  boundary  layer, 
in  particular  the  modes  of  oscillation,  can  be  important  in  the  study  of 
SGEMP . 

Recent  experiments  using  low-energy  X rays  to  form  such  a boundary 
layer  may  not  be  wholly  interpretable  in  terms  of  purely  static  (time 
independent)  boundary  layer  theory.  The  unambiguous  interpretation  of 
future  experiments,  with  low-energy  photons,  will  depend  upon  an  understand- 
ing of  the  dynamic  properties  of  the  boundary  layer.  This  paper  attempts 
to  contribute  to  that  understanding  by  investigating  small  oscillation  of 
the  boundary  layer  about  static  equilibrium. 

To  properly  analyze  the  dynamic  properties  of  the  one-dimensional 
boundary  layer  requires  the  simultaneous  solution  of  the  Vlasov  equation 
and  the  Poisson  equation.  Since  this  is  a non-linear  system  of  equations 
its  complete  time-dependent  solution  is  most  easily  made  by  means  of 
computer  codes.  A computer  analysis  of  this  problem  has  been  made  by 
Carron'.  The  analytic  investigation  of  small  oscillations  about  equilibrium 
will  be  made  by  means  of  the  linearized  Vlasov  equation  and  by  utilizing  an 
analog  of  the  adiabatic  condition  for  an  ideal  gas.  This  latter  condition 
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is  oquivuleiit  to  solvinj;  tho  linoarizetl  second  order  \ lasov  moment  ecjiiation 
(energy  equation). 

The  \'lasov  equation  used  to  solve  the  houndar)'  layer  s>stem  con- 
tains only  one  species,  namely  electrons.  The  system  is  therefore  not  a 
jilasma  in  tlie  literal  sense  of  the  word.  Although  some  of  tlie  terminolog\- 
of  plasma  pliysics  is  convenient  for  a description  of  tlie  houndar>'  laser, 
concepts  sucli  as  the  frequency  of  plasma  oscillations  should  not  he  accepted 
uncr  i t ica  1 1>-.  The  definition  of  a plasma  i-eipiires  that  the  plasma  ss'stem 
is  neutral  outside  a length  called  a I'ehye  length.  Plasma  tlieors’  describes 
the  plasma  system  only  for  dimensions  greater  than  a Peb\e  length.  T,xactl>’ 
the  opposite  is  true  for  tlic  boundary  layer.  There  exists  a length,  called 
the  boundary  layer  thickness  (sometimes  also  called  a Deb>'e  length)  which 
basically  defines  the  dimension  beyond  whicli  the  s\stem  is  neut  ixi  1 . ITir 
the  houndar)'  layer  all  the  ph\'sics  happens  witliiti  this  length  not  outside 
of  it.  One  of  the  results  of  this  investigation  will  be  the  determination 
of  the  freipiencios  of  adiabatic  oscillation  of  the  lioundar>'  system  for 
known  static  solutions.  A general  way  to  a]i]n'oximate  the  lowest  mode  of 
oscillation  for  a general  static  solution  will  also  be  described. 

In  Section  2 of  this  report  the  wave  equation,  describing  oscil- 
lations of  the  houiular)'  layer,  for  a general  st.'itic  solution  is  derived. 

In  Section  .S  the  condition  for  adiabatic  oscillations  is  formulated  and 
the  wave  equation  of  Section  2 is  ]iart i cu 1 ar i zed  to  the  case  of  adiabatic 
oscillations.  Boundar>’  conditions  are  also  discussed  in  this  section. 

One  of  interesting  results  that  follows  from  the  jiroperties  of  the  new 
w.'ive  eipiat  ion  is  that  all  fluid  oscillations — if  they  exist  at  all — of  an\- 
boundary  laver,  are  stable. 

In  Section  I we  solve  for  the  moiles  of  oscillation  for  three 
known  static  so  1 at  i ons  ’ ’ ’ . These  st.itic  solutions  are  for  elect  I'ons  emitted 
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cither  normal  to  the  surface  or  for  electrons  eiiiitted  with  a cosine  distribu- 
tion with  respect  to  the  normal  to  the  surface.  One  of  these  static  solutions 
describes  normal  emission  with  a monoencrgetic  energy  distribution.  This 
is  the  only  static  solution  of  the  three  which  allows  physicall)’  meaningful 
solutions.  This  result  seems  to  correspond  with  the  findings  of  computer 
code  investigations  of  the  one-dimensional  boundary  layer.  Oscillations 
have  been  observed  with  monoenerget ic , normal  emission  code  simulations  but 
the  oscillations  do  not  seem  to  occur  with  other  tv^ies  of  emission. 

In  Section  5 tlic  results  of  the  rcjiortcd  investigation  are  sum- 
marized and  speculated  iqion.  In  Appendix  I we  demonstrate  that  the  means 
by  which  we  obtained  the  adiabatic  condition  for  the  boundary  layer  yields 
the  usual  adiabatic  condition  in  the  case  of  an  ideal  gas.  Appendix  II 
contains  a comparison  between  the  oscillations  observed  in  a cominiter  simula- 
tion of  monoenerget ic  normal  emission  with  that  of  the  analytic  result  of 
Section  4.  The  lowest  mode  of  the  anal\tic  result  is  eejual  to  the  measured 
frequency,  within  the  accuracy  of  the  measurement. 
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SECTION  2 

GENERAL  EQUATION  OK  OSCILLATIONS 


In  this  section  the  wave  equation  which  describes  oscillations 
about  equilibrium  will  be  derived.  We  take  the  point  of  view  that  the 
perturiiations  of  physical  interest  manifest  themselves  in  terms  of  an  ob- 
servable fluid  velocity  9^/8t  (an  observable  charged  current  flow,  for  e.xample) . 
5 can  be  interpreted  as  a displacement  of  a particle  of  fluid  from  its 
equilibrium  position.  W'e  look  for  those  equations  that  describe  the  displace- 
ment f. . We  begin  by  taking  the  usual  zero  order  and  first  order  velocity 
moments  of  the  linearized  Vlasov  equation.  Combining  these  two  equations  we 
will  obtain  the  equation  we  seek. 


The  Vlasov  equation  in  one  dimension  is 


9f 

9t 


+ 


= 0 , 


(1) 


where  f(x,v,t)  is  the  distribution  function  for  electrons,  x is  the  vari- 
able of  position,  v is  the  velocity  variable,  t is  the  time  and  a is  the 
acceleration.  The  acceleration  is  defined  by 

a = - e/m  ^ , (21 


where  the  electrostatic  potential  (J)  is  defined  through  the  Poisson  equation 


9 (t) 

— ^ = - 4tt  (e/m)p  , 
9x‘- 


(5) 


and  the  mass  density  is  defined  by 


9 


p(x,t)  = m J' fdv  . 


(4) 


We  now  linearize  Equation  1.  represents  a static  solution  of  Equa- 

tions 1 through  3 and  6f  represents  a perturbation  about  equilibrium,  then 
using 


f = . 6f  , 


(5) 


in  Equations  1 to  3 the  equations  describing  the  perturbation  becomes 

9(fn) 


9(<Sf)  ^ 3(6f)  ^ ^ 3[6f)  ^ "^^0^ 

9t  3x  0 9v  9v 


= 0 , 


7 

9x“ 


- 4it  e/m  6p  , 


(7) 


and 


6a  = 


c_  9 (6(i)) 
m 9x 


(8) 


Here  we  have  used  the  static  equilibrium  equation 


'^0  '^0  , 
V -^5 — + a„  — = 0 
9x  0 9v 


(9) 


and  the  notation  that  a subscript  zero  corresponds  to  a quantity  defined 
by  means  of  the  static  distribution  function  f^,  a 6 before  a quantity 
is  defined  by  means  of  the  perturbation  6f.  For  example, the  mass  densities 
and  6p  are  defined  by  inserting  f^  and  6f  respectively  in  Ec[uation  4 for 


f ; 


Po  = m / fgdv  , 


(10) 


and 


6p  = m J'  6fdv  . 


(in 


Taking  the  zero  order  and  first  order  moments  of  liquation  (■>  wliile  using 
the  definitions 
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(12) 


pQ  It  = > 

and 

P = m v^fdv  , (13) 

where  9C/3t  is  the  [lerturbed  fluid  velocity  and  P is  the  pressure,  we  find 


9(6P)  ^ . 

3t  3t9x  ■ ^ ’ 


9“C  96P  „ ^ 

pQ  ^ " TF  - Vp  - ^^Pq  = • 


Substituting  Equation  2 (with  (})  replaced  by  4)^)  and  Equation  8 into  Equation 
15  we  find 


f.  9 ...  c {^^<1  r 964.  \ 

2 • 57  *’  * J 1-5T  ■ 


Equations  14  and  15  are  defined  totally  in  terms  of  fluid  concepts.  Prom 
Equation  14  the  expression  for  the  conservation  of  mass,  we  see  that 

6P  = - (P/.)  . (17) 

Upon  substituting  (17)  into  (7)  we  have 
964>  , 

^ = - 4tt  e/mpgC  • (IS) 

Substituting  Equations  17  and  18  into  16,  using  Equation  7 and  the  equation 
of  static  equilibrium 


9x  m P 9x  ’ 


we  find  tliat 
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Equation  20  is  the  general  differential  eciuation  we  seek  which  describes 
oscillations  about  static  solutions.  In  the  next  section  we  will  relate 
6F  to  5 for  a particular  type  of  motion. 
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SECTION  3 

ADIABATIC  OSCILLATION  CONDITIONS 


To  find  an  expression  for  in  Equation  20  we  formulate  a con- 
dition which  maintains  the  energy  in  any  given  volume  of  fluid  constant 
throughout  the  perturhat ion . In  Appendix  I we  demonstrate  that  this 
condition  is  analogous  to  adiabatic  motion  in  an  ideal  gas.  The  condition 
in  the  circumstances  which  describe  the  boundary  layer,  will  also  be  called 
the  adiabatic  condition. 


If  the  energy  density  of  the  electron  gas  at  x is  e(x)  then  tlie 
total  energy  W is 

d 

U = f c(x)dx  . 


(21) 


0 


■faking  the  point  of  view  that  f is  the  displacement  of  the  electron  gas  at 
the  point  x it  can  he  shown"*  that  the  change  in  energ>’  5w  due  to  this 
displacement  is 

d 


6W  = /(6c 

0 


8x 


Hdx . 


(221 


If  we  wish  6h  to  equal  zero  for  every  element  of  volume  we  must  have 


{27.) 


Equation  27  is  the  condition  we  need  but  to  use  it  we  must  construct  the 
energy  density  of  the  electron  gas. 


The  time  derivative  of  Equation  2.’i  is  the  second  order  moment 
cciuation  of  the  linearized  Vlasov  equation  and  defines  the  heat  flow  as 

13 
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Eq  3C/9t.  Instead  of  obtaining  Equation  23  by  means  of  Ecjiiat  ions  21  and  22 
we  could,  alternatively,  have  assumed  that  the  heat  flow  was  given  by 
Eq  3C/9t  and  solved  the  linearized  energy  equation. 


The  energy  density  Eq  is  composed  of  the  electric  field  energy 
and  the  kinetic  energy  of  the  electrons.  In  general  the  energy  density 
e(x)  is  given  by 


(24) 


and  so 


. 1 ^*^0  964>  1 

= 4T  ^ ^ ^ 2 • 


(25) 


Substituting  Equations  18  and  19  into  (25)  we  find 


X 9P  r 1 

6e  = - 7T-  C + ^ <5P  • 
9x  2 


(26) 


From  Equations  3 and  19  one  can  show  that 


3x  ^ Stt 


LAf 

iTT  9x  ( 


9x/ 


(27) 


or  that 


, - A 

0 8tt 


\ 9x  / ’ 


(28) 


if  both  Pq  and  9ij)Q/9x  vanish  at  the  outer  boundary.  Substituting  Eciuation 
28  into  Equation  25  we  Tiave 


Eq  - 3/2 


(29) 


Ecpiation  29  states  that  the  total  energy  density  in  the  one-dimensional 
boundary  layer,  for  normal  omission  is  three  times  the  kinetic  energy.  If 
the  electrons  were  not  emitted  normally  the  expression  for  would  not  be 
Ecjuation  29.  For  example  if  electrons  were  emitted  with  a cusO  distribution 
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with  respect  to  the  normal  to  the  surface  the  fraction  multiplying  in 
Equation  29  would  be  5/2  instead  of  3/2  (see  Reference  2 pgs.  21  through  23). 
Substituting  Equations  26  and  29  into  Equation  23  we  arrive  at  the  condition 
we  seek, namely 


6P  + P 


0 3x 


For  COS0  emission  5/3  would  replace  the  3 on  the  right-hand  side  of  Equation 
30.  (This  is  so  because  a 3/2  would  replace  the  1/2  multiplying  6P  on  the 
right-ha-.d  side  of  Equation  25  for  cos0  emission.)  Substituting  Equation  30 
into  Equation  20  we  arrive  at  the  wave  equation  for  oscillations 


where 


0 at2 


Y = 3 


Y rp  = 0 

’ 3x  '•  0 ax-*  ^ ’ 


normal  emission 


Y = 5/3  COS0  emission  . 

Equation  31  is  analogous  to  the  equation  describing  the  velocity  of  sound 
in  a gas.  Y is  analogous  to  the  ratio  of  specific  heats.  Since  for  a one- 
dimensional  ideal  gas  one  would  expect  the  ratio  of  specific  heat  C /C  to 
be 

J1  - 5/2  k _ _ 

C ■ 1/2  k 

V 

where  is  the  specific  heat  at  constant  pressure,  is  the  specific  heat 
at  constant  volume  and  k is  Boltzman's  constant.  For  an  ideal  gas  with 
3 degrees  of  freedom  the  ratio  of  specific  heats  would  be  5/3.  Equation  33 
is  a result  of  the  Boltzman  distribution  function.  Equation  32  is  not,  al- 
though the  results  are  similar.  We  will  now  discuss  boundary  conditions  and 
a general  method  of  finding  the  lowest  mode  of  Equation  31.  If  we  assume  that 


C = ^g(x)e 

then  substituting  Equation  34  into  Ec\uation  31  we  find  that 


1 


3x 


3?0 

^^0  3x^  = 


(.vS) 


The  spatial  boundary  conditions  for  Equation  35  can  be  found  by  an  examina- 
tion of  Equation  35.  For  x < 0,  is  equal  to  zero.  Equation  35  implies 

that  3Cq/3x  is  continuous  at  x = 0 so  that  [this  argument  is  analogous  to 
the  "pill  box"  argument  used  in  describing  the  boundary  condition  at  the 
surface  of  a conductor) : 


= 0 , 

x=0 


(36) 


is  the  boundary  condition  at  the  inner  surface.  Equation  36  expresses  the 
fact  that  the  fluid  is  incompressible  at  the  x = 0 boundary  and  is  also 
consistent  with  our  intuition  that  the  perturbation  should  be,  at  least,  a 
local  extremum  at  the  boundary.  Other  boundary  conditions  are  conceivable 
and  they  could  charge  the  nature  of  our  conclusions  about  the  frequencies 
of  oscillations  (the  form  of  the  particular  solutions  discussed  in  Section  4 
would  not  change  if  the  boundary  conditions  were  changed,  however).  It  is 
the  opinion  of  this  author  that  Equation  36  is  the  most  "natural"  condition 
for  this  system. 


For  X > d,  is  equal  to  zero  also.  Continuity  of  at  the  outer 
boundary  would  require  ^^(d)  to  equal  zero.  To  make  the  perturbations 
physically  meaningful  we  require  to  be  finite  everywhere  including  the 
position  of  the  outer  boundary. 

We  can  investigate  the  roots  (01“)  of  liquation  35 
manipulations.  Multiplying  Ecpiation  35  by  Cq  . integrating 
the  fact  that  I’Q(d)  vanishes,  while  also  using  liquation  36 


by  doing  a few 
over  X and  using 
we  see  that 


16 


J '> 

, /’’olstf'’* 

co“  = - Y ^ . (37) 

d 

/PoCa'jx 

0 

9 

Equation  57  is  the  basis  for  an  approximation  of  ca“.  It  also  shows  us  that 
to  is  either  imaginary  or  zero  since  both  the  integrals  on  the  right-hand 
side  are  positive  definite.  That  is  the  adiabatic  oscillations  are  never 
unstable.'  Equation  37  forms  the  basis  of  a variational  principle:  any 

function  f(x)  which  satisfied  the  boundary  conditions  on  can  be  sub- 
stituted into  Equation  37;  the  resulting  integrations  make  the  right-hand 
side  of  Equation  37  greater  or  equal  to  the  lowest  mode  of  the  system.  The 
variational  principle  arises  because  Equation  35  together  with  the  boundary 
conditions  are  a self-adjoint  system. 


1 


SECTION  4 

MODES  OF  OSCILLATION  OF  KNOWN  SOLUTIONS 


In  this  section  we  find  the  modes  of  oscillation  of  three  known 
static  solutions.  The  first  is  a monoenerget i c energy  distribution  emitted 
normal  to  the  surface.  We  need  both  and  as  functions  of  x.  From 
Reference  2 (we  use  the  variable  x instead  of  z)  page  25  we  have,  after 
using  Equation  28 

3/2 

Pq  = a(l  ^ t)  ’ 


b(l  + y) 


where 


£ = - d , 


a = 2 m r^  Vj^  , 


r^  is  number  of  electrons  emitted  fern  /sec  and  v^  is  the  emission  velocity. 
Substituting  Equations  .38  and  39  into  Equation  35  while  letting 

y = (1  + x/£)  , (43) 


(a^b  2 
Ya 
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wo  have 


(45) 


By  moans  of  a simplo  transfonnat Lon 

>■  ■ 1='  i>'’  • 

Equation  4(i  can  ho  transfonnod  to 


(4(0 


■() 


3-,,  = 0 . 


(47) 


Tho  solutions  aro  then 


- cos  [53(1  - x/d)‘^-'l  , 


and 


■0 


sin  [53(1  - x/d)‘/'^| 


(48) 


(49) 


In  order  to  satisfy  continuity  of  at  d wo  choose  liquation  49  as  our 
solution.  To  satisfy  liquation  .5(5  for  3^0  we  must  have 

o dn+ 1 


TT  n = 0 , 1 ... 


(50) 


or 


1/2  , 

0 = i i 


2n+l 


(51) 


or  from  liquations  41,  42  and  7>2 

, . ''1  2n+l 
n d 


'VT 


n = 0,1,. 


(32) 


Tho  longest  period  is  .i.4(i  mult  i ]il  iod  by  tho  time  it  takes  on  electron 
with  velocity  V|  to  go  twice  the  boundary  distance  d.  If  we  used  the 
solution  of  liipiation  48,  would  be  discontinuous  at  .\  = d and  the  fro- 
((uency  would  be: 
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0) 


m 


. ^ mTT 

" " d VI 


m = 0,1,2  . . . 


(53) 


A comparison  of  the  lowest  mode  of  Equation  52  with  a computer  solution  is 
made  in  Appendix  II. 


We  now  proceed  to  the  next  static  solution.  It  can  be  interpreted 
as  either  a constant  energy  spectrum  with  normal  emission  or  a monoenergetic 
energy  distribution  with  a cos0  emission  spectrum.  With  either  interpreta- 
tion the  results  are  the  same.  From  Reference  2 pages  26'  and  30  we  have 

Py  = a(l  + x/l)^  , (54) 

Pg  = b(l  + x/^)^  , (55) 

where 

= - d , (56) 

a = m r^  Vj^/3  , (57) 

and 


b = 4 r^/v^  . (58) 

Here  constants  r^  and  have  the  s;ime  meaning  they  had  in  the  previous 
example.  Using  the  transformation  expressed  by  Equations  54,  55,  43,  and 
also  Equation  44  we  find  that  Equation  36  becomes 


_9_ 

9y 


9y  '0/ 


2 2 

3 


0 . 


(59) 


If  we  let 

= y'\i  . (60) 

and 

y = . (61) 

Equation  59  transforms  to 
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I 

i 

i 


3: 


3“H 


0 . 


The  solutions  of  liquation  UJ  are  spherical  Bessel  functions  of  order  2.  If 

11,  represents  a S]iherical  llankel  function  of  order  2 then  the  solutions 
a re 

y ■'’ll,(,l3/y)  . (Usi 

In  order  for  to  be  finite  at  x = d (y  = 0),  6 must  be  imaginar\'.  Refer- 
ring to  Equation  44  we  see  then  that  co  would  be  real  whicli  contradicts 
the  conclusions  drawn  from  Equation  37.  (If  we  assumed  that  co  were  real 
we  could  not  satisfy  the  boundar>'  condition  at  x = 0.)  Plnsically  realistic 
solutions  of  do  not  exist  for  this  static  solution. 


We  next  consider  the  static  solution  which  describes  normal  emis- 
sion with  an  exponential  distribution  or  a cosine  angular  distribution  with 
a linear  times  ex]ioncntial  energy  distribution.  I'rom  Reference  2,  page  31 


where 


and 


= a(l  + .x/e)‘-  , 
Py  = b(l  + x/,n"“  , 


Ur'/VrJ’ 


0 


1/2 

a = Ti  m r^^  v ^ , 


b ■=  2 n 


"l 


i(vn 


(Bbl 


lO"! 


(OS') 


The  constants  have  tlie  meaning  they  had  |ireviousl>'  exce[)f  that  ^ is  the 
exponentiation  energy  of  the  energy  distribution  (,e  ''  ''1)  jiiul 


21 


Using  Equations  64,  65,  45  and  Equation  44  we  find  that  Equation  35  becomes 

»V--  0 . (70) 


3y 


With  the  help  of  the  transformation 


= y“M  , 


(71) 


Equation  70  becomes 


. vy  ^ 

3y-  ' 


2/y“u  + = 0 


(72) 


The  solutions  of  Equation  72  are  spherical  Bessel  functions  of  order  1.  If 


il^  denotes  a llankel  function  of  order  1 then 


?o  y 'fiO^y)  . 


(72) 


In  order  for  to  be  finite  at  y = °°,  6 must  be  negative  or  o)  must  be 


positive.  By  arguments  similar  to  those  of  the  previous  section  we  con- 
clude that  a physically  meaningful  perturbed  solution  does  not  exist  for  this 
static  solution. 


SECTION  5 

SUMMARY  AND  SPECULATION 

Adiabatic  fluid  theory  has  been  used  successfully  in  plasma  physics 
to  describe  Langmuir  waves^.  Here  vve  have  evoked  an  adiabatic  fluid  theory 
to  describe  oscillations  of  the  one-dimensional  boundary  layer.  The  results 
of  the  analysis  (utilizing  a "natural"  boundary  condition  for  the  problem) 
are  that  a boundary  layer  formed  from  monoenergetic  emission  of  electrons 
normal  to  the  surface  supports  plasma-ty'pe  oscillations.  A boundary  layer 
formed  by  either  a monoenergetic  energy  distribution  of  electrons  emitted 
with  a cosine  angular  dependence  or  a linear  times  e.xponential  energy 
distribution  of  electrons  emitted  with  a cosine  angular  dependence  do  not 
support  oscillations. 

These  results,  together  with  the  form  of  the  equation  (Equation 
35)  describing  the  oscillations,  suggest  that  monoenergetic  emission  of 
electrons  normal  to  the  surface  may  be  one  of  the  only  conditions  under 
which  oscillations  can  occur  in  a one-dimensional  boundary  layer.  This 
suggestion  is  supported  by  the  one-dimensional  computer  simulations  done 
at  MRC  with  the  SCALEID  code^.  If  a velocity  space  analysis  were  undertaken 
it  would  probably  show  that  perturbations  of  the  electron  gas  are  critically 
damped  for  distributions  other  than  that  of  monoenergetic  normal  emission. 

If  in  fact  there  are  other  emission  configurations  which  allow 
oscillations  of  the  boundary  layer  and  these  oscillations  are  described  by 
an  adiabatic  fluid.  Section  3 demonstrates  that  the  frequencies  of  oscil- 
lations must  be  real.  This  means  that  the  static  boundary  layer  is  stable 
with  respect  to  adiabatic  perturbations. 
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The  implications  for  experiments  is  that  any  instability  that 
arises  within  an  experiment  with  a one-dimensional  boundary  layer  probably 
comes  from  an  interaction  with  the  experimental  system  and  the  layer  but 
not  from  tlie  electron  gas  itself.  A linear  times  exponential  energy  distri- 
bution with  cosine  emission  may  be  particularly  relevant  to  photon  experi- 
ments. Linder  these  circumstances  the  electron  gas  does  not  support  oscil- 
lations itself  and  probably  damps  oscillations  occurring  because  of  an 
interaction  with  an  external  system. 
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APPENDIX  I 


In  this  appendix  we  demonstrate  that  the  adiabatic  condition  for 
an  ideal  gas,  under  constraints  similar  to  that  of  the  SGfMP  boundary  layer, 
follows  directly  from  Equation  23.  We  consider  the  idealized  circumstance 
of  a one-dimensional  system  of  gas  hold  together  by  self-gravitation  rather 
than  electric  forces.  The  energy  density  g,  including  gravitational  energy 


- 

8itG  \9x/ 


+ U , 


where  (p  is  the  gravitational  potential,  U is  the  internal  energy  of  the  gas 
per  unit  volume  and  G is  the  gravitational  constant.  If  a is  the  number  of 
degrees  of  freedom,  then  assuming  a Boltzman  distribution 

U = a/2  P . n-2) 

Because  of  the  cejuation  of  equilibrium 

0 8TTG  ' 3x  ^ ^ ' 

Substituting  Equations  1-2  and  1-3  into  Eiiuation  1-1  we  sec  that 

a+2 

^)  = — ’’o- 

Substituting  E(iuation  1-4  into  Equation  23  we  have 

= - I Y ^ (P(,C)  , II 

where  we  have  recognized  y as  the  ratio  of  specific  heats.  B\-  using  the 
Poisson  equation  for  the  gravitational  system  one  can  show,  in  a way 


PBECEDIfO  PAGE 


BLAMUNOT 


analogous  to  the  derivation  of  Equation  25,  that 


^ * /\ 

p CX  e ^ 

= 2 * TT  ^ • 

Substituting  Equation  1-6  into  1-5  v,e  find  that 

6P  = - Y^r,  • 

' 0 8x  dx 

Equation  1-7  is  the  correct  adiabatic  relation  for  one-dimensional 
perturbations  of  an  ideal  gas. 


APPENDIX  II 


In  this  appendix  we  compare  a computer  solution  made  with  the 
code^  SCALEID  for  normal  monoenerget ic  emission  with  tlie  analytical  result 
of  Section  4.  We  compare  the  period  of  the  lowest  mode  derived  analytically 
with  the  oscillations  observed  in  the  computer  simulation.  We  find  the 
results  agree  to  within  the  accuracy  of  measurement. 


The  code  solution  describes  the  physical  situation  where  electrons 
are  emitted  normally  with  a very  nearly  monoenergct i c energy  distribution. 
The  emission  energy  is  1 keV.  The  time  history  of  the  emission  spectrum 
rises  to  a maximum  in  10  nanoseconds  along  a linear  ramp.  It  remains 
constant  for  50  nanoseconds  and  then  drops  d i scont i nuous 1 y to  zero.  Tlie 
outinit  of  the  code  is  in  terms  of  normalized  parameters.  The  relevant 


ones  arc: 


Length 

V'elocity 


- 1.010  X 10  sec 


- 1.892  cm 


- 1.87.5  X 10  cm/sec 


i 


Charge  Density  - 1.479  x lO”^  F.SlJ/cm''’ 

-5 

Current  Density  - 9.259  x 10  ' abamiis/cm“ 

Figure  2 shows  the  emission  velocity  distribution.  Figure  5 shows  the 
charge  density  as  a function  of  distance  from  the  surface  at  a time  large 
enough  to  correspond  roughly  to  eiiui 1 ibr ium.  For  the  static  problem  the 
charge  density  iFTpiation  58)  apiu'oaches  infinity  for  x = d.  In  the  com]iuter 
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Function  of  Electrons 


r—  ^ 1 


Energy 


Figure  2.  Emission  energy  distribution. 
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Normalized  Charge  Density 


0.  1.  2.  3.  4.  5.  6.  7.  8.  9.  10. 

Normalized  Distance 


Figure  3.  Charge  density  vs  distance  from  the  emitting  surface  (at  a 
time  9.4). 
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solution  the  charge  density  is  discontinuous  at  d.  From  Figure  2 this 
distance  is  ( . 467) ( 1 . 892)  = .883.  From  the  static  solution  theory  (Reference 
2,  page  24)  the  distance  d is  given  in  terms  of 


KiVi 

■> 

8TTe"'r,. 


(11-1) 


The  parameters  in  the  above  equation  have  the  same  meaning  they  did  in 
Section  4.  w.  is  the  emission  energy.  In  the  computer  problem  1.73  x 10^^ 
electrons  are  emitted  / cm“  over  the  total  time  of  60  ns.  To  find  an 
average  emission  current  we  divide  the  emitted  electrons  by  a time  of  55  ns 
(10  ns  of  the  time  history  is  a ramp).  Thus 

r^j  ■=  3.15  X 10^^  cm  ^ sec  ^ . (11-2) 

Substituting  this  r^  together  with  the  appropriate  values  of  the  other  para- 
meters into  Fquation  11-1  we  find  that 

d = .855  cm  . (1 1-3) 

This  value  corresponds  quite  well  with  the  value  taken  from  Figure  2 and 
lends  credence  to  the  assumption  that  we  are  dealing  with  a static  solution. 


Figure  3 shows  the  current  density  at  .568  cm  from  the  emitting 
surface.  From  the  graphs  the  oscillations  have  a jieriod  of 

Ty  = 3.24  X 1.01  X lO'*^  = 3.26  x lO'^  sec  . (11-4) 

The  value  for  the  lowest  mode  (n=0)  in  F.quation  52  is 


T 


0 


2d  ^ (3.46) (2) (.883) 

V -Q 

1 1.873  X 10  ^ 


3 .26  X 1 0 


sec  . 


If  we  had  used  the  value  of  d expressed  by  Fquation  11-3,  we  would  have 

-9 

obtained  equal  to  3.16  x 10  ‘ sec.  This  number  is  within  .3  |iercent  of 
the  measured  value.* 


* Or.  Longmire  has  pointed  out  that  the  oscillations  depicted  in  Figure  4 ire 
not  really  the  sinusoidal  oscillations  suggested  by  the  theory.  I'he  oscil- 
lations of  Figure  4 apjicar  to  be  actually  non-linear.  A code  run  designed 
specifically  to  describe  oscillations  about  an  actual  eipii librium  solution 
would  be  a better  check  of  the  tlu'ory. 
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Commander 

.Naval  Telecommunications  Command 
A'l'TN:  N-7,  FCDB  Hall 

Commander 

Naval  Weapons  Center 

A T TN:  t'ode  222,  Tivh.  Fib. 

Commanding.  Offieer 
Naval  Weapons  Fvalualion  Facility 
.A  TT.N;  Uiurcnee  B.  olivt*r 

C'ommandinj’  Offieer 

Naval  Weapons  Svipporl  Centv>r 

A TTN:  C’otk*  702-1,  .lames  Uamsev 
ATTN:  Code  70212,  -lose|>l\  .A.  Munarin 

Di recto r 

Stratenic  Systems  Projivt  Ofliee 

ATTN:  NSP-2-121,  (ierahl  U . Hoskins 
ATTN:  SP-2701,  .lohnW  . Pitsenbert*er 
ATTN;  NSP-220,  David  ('.old 

DKPABTMFN  T OV  I'llF  AIB  FOlU' F 

t'ommamler 

ADc'/ni-; 

A T TN:  DFKDS,  Joseph  C'.  Brannan 

A F Cei'plu sics  Uiboralnrv,  AFSC' 

AT'l'N:  Charles  Pilo> 

.ATTN:  F(^U,  Fdward  A Burke 

,AF  Institute  of  I'eehnolo^,  ,AC 

ATTN:  Fibran,  .\VlT  Uldi;.  «M0,  Area  U 
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DKPAU  TMK.NT  (>l  rHK  MH  lOHCK  (Continued) 

AT  Materials  U0>oralor\,  AKSC 
A'J"J'.\:  I.jbi'ai-v 

AF  Weapons  t.al)oralor\ , AFSC 
AI  TN:  SAli 
ATTN:  KLC 

ATTN:  KL,  John  Darrah 
ATTN:  KI^\ 

AITN:  SAS 
ATTN:  STL 
ATTN:  KL 

A 1 rAC 

A TTN:  TKS,  Maj  Marion  K.  Sehneider 

C'omniamler 

ASt) 

ATTN:  ASD-KNKSS,  Peter  T.  Marth 
A TTN:  ASI)-VII-KX,  Lt  Col  Holjerl  Leveretle 

Heaihfuarters 

Kleetronic  Svslenis  Division,  (AKSC» 

ATTN:’  XRHT 
ATTN:  DCD'SAriNlV 

Cojumamler 

K(»rei^n  reehnolo^  Division,  AFSC 

ATTN:  K TKT.  Capl  Richard  C.  Rusemann 

IKJ  FSAF/RD 

ATTN:  RD(^SM 

Commander 

Rome  Air  De\elopmenl  Center,  AFSC 
ATTN;  P.  C.ianim> 

SAMSn  DV 

A'i'TN:  DVS,  Capl  Wayne  Sc*hol>er 
AT  TN:  SYS,  Maj  Larry  A.  Darda 

SAMSU/IN 

ATTN:  IND,  Ma,iDarr\IS.  Muskin 
SAMSO/MN 

ATTN:  MNNd,  CaptDavid.I.  Slrolu-l 
A I TN:  MNNII,  ('aj)t  Willi:mi  M . Carr;i 
A'l'l'N:  MNNII,  Capl  Michael  \ . lieli 
A'I’TN:  MNN(; 

SAMSO/SK 

ATTN:  SKF,  Peter  II.  Sladler 

SAMSO  XR 

ATTN:  XRS 

Commander  In  (’hid 
Slratejiie  Air  Command 

A'I'TN:  XPFS,  Capl  Dera:ul 
A ri'N:  NIU-STINFO  IJhrart 

KNFRC.S  RKSFARCH  ^ DK  VF  l.OPM  F N 1' ADM  I NIS  TRA  I ION 

Sandia  /.alK)rah»ries 
Li  vermoia*  Uilxu'aton 

ATTN:  Doe.  Con.  R>r  llieoilori-  A.  Dellin 


KNLRGV  RKSFARCIi  & DKVK LOP.M K NT  AD.Ml NIS'I’RATIQN 
(Contimmdi 

I'niversily  (d  Calilornia 
Lawrence  Livermori*  Lalxjnilory 

A'l'l’N:  I'ecli.  Inlo.,  Dept.  I.-J 
.•Vl'TN:  Hans  Ki'uj’er,  L-5H» 

AT'I  N:  Frederick  R.  Kovar,  L-ol 
A'l  'l'N:  lx>nald  W.  Vollnier,  I.-l.Vl 
AT'i’N:  Donald -I.  Meeker,  L-Mrj 
ATTN:  Louis  F.  Wouters,  l.-JH 
ATTN:  William  -J.  ilo^an,  I.-f/U 
A'l  FN:  W aller  W . Holer,  L-2-1 

Los  Alamos  Seienlilie  Lahoraloia 

ATTN:  Doc.  C<m.  I'orHrueeW.  Noel 
A T I N:  Doc.  Con.  Idr  Donald  R.  We.steiwell 

A TTN:  Doc.  Con.  Rjr  .1 . Arlliur  Freed 

AT'l’N:  Doc'.  Con.  tor -lohn  S.  .Malik 
.A'l'l'N:  D»>c.  Con.  for  .Marvin  .M.  Hollinan 
.A'ri’.N:  Doc.  Con.  tor  P.  W.  Kealorj 
.A  TTN:  Doe.  Con,  lor  Rii-h.trd  L.  W:ikefiehl 
•AT  T.N;  Doc,  Conlr<d  for  Rc*porls  l.il). 

Sandia  I-Uxiratories 

•AT'l'N:  Doc.  Con.  tor  .a2U».  Herald  ’I'ona.s 
A'J'T.N;  Doe.  Con.  lor  J.lnuT  I- . Hartman 
A'l’l’N:  Doc-.  C<>n.  lor  Urj-.  2:51.'),  .lame.s  K.  Covci- 
.AT’l'.N:  D<x‘.  Con.  lor  Jill,  Sainha  Rpl.  Coll. 

ATTN:  Doc.  Con.  for  Oi'n.  ‘Kl.a:),  R.  L.  Parker 

ATTN:  Div.  r>2Jl.  James  H.  Renken 

A'I’TN:  Doc.  Con.  lor  Or^.  21  lU,  .) . .A.  H<x)d 

OTHKR  C.OVFUNMKM’  .UiFNClFS 

.Administrator 

Defense  Kleclric  Power  .Admin. 

Departmenl  ol  ihc  Interior 

.A'l' T.N:  D«)ciimenl  Control 

Deparlnun.*  of  Commerce 
National  Bureau  of  Standards 

.A  r'l’N:  -ludson  C.  Fivnch 

Dc‘parlnu‘nl  of  Transportation 
Feder:d  A\iation  .A«lminislraiion 

A T TN:  Frcalrick  S.  .S;dvatc,  ARD-:{.^)0 

NASA 

A'l’T.N;  Code  Res,  (/iiitJ.  Con.  \ Info.  S\s. 

NASA 

Lewis  Research  Center 
Al’iN:  Lihrarv 

ATI’N:  Robert  R.  U)U‘ll,  M^  ni-:! 

Di:pAR  tmi:n  I of  dlllnsi  ct )M  R.ac  rims 

Acroji'l  Fl<*cti-o-S\ stems  Co.  , Div  . 

Ai-rojet-Cencral  Corporation 

AT’rN:  Thomas  D.  Hanscjum 

.Ai-roniitronii-  i'oi*d  Corporation 
Wt'stern  IH‘\elopmcnt  L.dx»i‘atories,  Di\. 

AT’TN:  Donald  R.  McMorn.w,  Ms  i;;?o 
ATTN:  Ldirarv 

A T TN  .1.  T.  MaUinule\,  MS  X22 
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\)KV‘Alt  TM1:N1'  or  Ul'-.i-  ENSK  (.-UN  IUAC  runs  K'nmimirdi 


1)i:i»ak'I'mi:m'  oi'  ni  i i:nm.  coN  ritAc  roiis  iCominuci' 


I 

I 

1 

4 

4 


Aerospace  Corporation 

•VriN:  C.  B.  Pearlston 
A TTN:  Norman  1).  SloelsWell 
AT  TN:  Frank  Hai 
ATTN:  William  W . Willis 
ATTN:  V.  rJosephson 
A1  TN:  -J.  Benveniste 
ATIN:  Irvin^M.  (iarlunkel 
.\  T I N:  -lulian  Ueinheimer 
AT'l'N:  Library 

Aveo  Ueseareh  & S\slems  tlroiip 

ATTN:  Meseareh  Lil),  AS;U1  Km.  72(H 

Batlelle  Memorial  inslilute 

A TTN:  Kobert  11.  Bla/.ek 

The  BD.M  Corporation 

ATl’N:  T.  H.  Nei-^hljors 

Tlie  Beiulix  Corporation 
Navigation  ami  t'ontrol  Division 
A TTN:  (Jeorge  CarUU'r 

The  BtH-ini;  Company 

AT'FN:  Donald  W . LVelkroul,  MS  2U-m> 
.\TTN:  Aerospace  l.ibrary 
ATTN:  David  L.  I)\e,  .MS  S7-T:> 

A TTN:  Howard  W . W'ieklein,  .MS  17-11 
ATTN:  Kennedi  D.  Friildell,  MS  2U-U(i 
A'ri'.V:  l*)lH:‘rt  S.  CaMweH, 

Booz-Allen  and  Hamilton,  Ine. 

•ATTN:  IkumomlJ.  Chrisner 

Brown  Knjiineei'inj^  Company  , Inc. 

Cummings  Keseareh  Park 

ATTN:  dohn  M.  MeSwain,  MS  18 

FniversiU  o!  Calilornia  at  SairDie^o 
AT  TN:  Sherman  I)e  Forest 

Charles  Stark  l)r:iper  Uiboratory,  Inc. 

AT'l'N:  Uichard  CL  llaltmaier 
A TTN:  Paul  K.  Kelly 
A'i  rN:  Kennetli  Fcrti^ 

Computer  Sciences  Corporation 
ATTN:  Barl>ara  F.  Ad:ims 

Computer  Sciences  Corporation 
A l'TN:  Alvin  T.  SchiH 
A r'l  N:  Kichard  H.  Diokhaut 

Cutler-Ikimmer,  Inc. 

A TTN:  Central  'Fech.  Files,  Anne  Anthony 

Dr.  Fugene  P.  dePIomI) 

A FFN:  kuK^ene  P.  dePlomI) 

The  Dikewood  Corporation 
Ai’lN;  lech.  Lib. 

A l TN:  K.  Lee 

F-Syslems,  Inc. 

A FFN:  Libnin,  8-.'»ol()() 


F(;^(i,  Inc. 

.Albu(iuei<jiu'  Division 

A'FIN:  Icch.  Lib. 

AT'FN:  Hild:i  IL  HoHman 

F\[>.  ^ M:ith  Ph\s!cs  CoiiMiIlanls 
Al'FN:  Fhomas  M.  loi*d:m 

Fairchild  C'luncra  and  Instrument  Corp. 

.X'F'F.N:  Sec.  Dept,  lor  David  K.  Mvci's 

Flu-  1 iMiiklin  InslituU- 

.A'F'F.N:  iCuiijeH.  Ffumipson 

(leneial  l.lcctru-  Compain 
Spac-e  Di\  isjon 

AFFN;  Larr\  L Chasen 

A F FN:  -loseiih  C.  Peden,  VFSC,  Hm.  12;’.oM 
.A  I FN:  D;micl  i.didman 
■A  1 I N:  dohn  L.  Andrews 

(leneral  l-.leclric  Comp:m\ 

Kc-cnli*\  ^ Ln\  ironmcntal  Sv  stems  Di\. 

A F FN;  Kobert  \ . Ikniedivd 

Cienei';il  l.lcclric  Comp:my 
'FFMPO-C'emer  for  .\d\:inceil  Studies 
A'F  FN:  Koviien  K.  Kutiu'rfoi'd 
AFFN:  D.ASIAC 
.AFFN:  William  Mc.Namara 
.A  F FN:  -lohn  D.  IH^en 

(tcneral  l.Ieclric  Companv 
.Aircraft  Kngine  Croup 

A F FN:  lohn  A.  FHerhorsl,  F 2 

Cener:il  lilec'tric  C<nnp;iny 
Aerospace  Klectronics  Systems 

A'F  FN;  W . •) . Patler.son,  l)n»p  2:{:i 
AFFN;  Charles  .M.  Hewison,  Drop  d21 

Ceiu  ral  Keseareh  Corporation 
A'F'FN:  -lohn  Ise,  dr. 

Ceorjiia  Institute  of  'Ftvhnolot?\ 

Ceorp;ia  Fech.  Keseareh  Institute 
AFFN:  K.  Curn- 

Coodvear  .Ai‘rosp:lcc‘  C'»>rpor:ition 
.Arizona  Division 

AFFN:  B.  M:innint'. 

Crumman  .Aerospace  ('orp<jralion 
A'FFN:  derry  Ko^er.*',  De)>l. 

C Fl  Svhania,  Inc, 

I Icctromcs  Svstems  C.rp-Lastcrn  Div. 

A'F  FN:  I.cmianl  I..  BlaiMlell 

.A'FFN-  Charles  .A.  'Fhornlnll,  Lilnmnan 

C'FK  S\  Ivania,  Inc . 

.A'F'FN:  Cfiinm.  Syst.  Dis.,  I mil  P.  Motcinik 
.ATFN:  H^  Croup,  Mario  A.  NMicdora 
.A'F  FN;  Da\  ul  P.  I'loml 
.A  F'l'.N;  Hcrlund  .A.  I liman 
A I 'I  N';  ASM  Dt'pt.  , S.  I . P<‘rlm:in 

Ha/.t'ltinc  ('orporali«»n 

A'F  FN:  I't'ch.  Inlo.  Ctr. , M.  Waiti- 
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UKl’AIM'.MKN  r OK  l)i;  l-’KN-sK  (’ON  i‘0|{S  (C\)Mtinuri|i 


l)|-.KAin’.Mi:.\  I’ ()]'  DKKKN'SK  C'ONT{<AC'L'OKS  (CunUnucti' 


Hi'f'.'ulc'S.  Incorpoj’attHl 

AI  TN:  UU'K-2C-\\,  Uoodnill 

Mono.\ well  liu’orpo ruled 
(lovornmciU  and  AeronauUcul 
Products  Division 

A'l'l'N:  lionuUi  -lohnson,  AId22 

Money  well  Ineurporuleil 
Aerospa<  e I)i\  ision 

ATl’N;  Kiehavd  li.  UeintH.-ke,  MS  72r,-u 
A'l'  TN-.  Harrison  H.  Noble,  MS  725-3A 

Honeywell  Incorporated 
Hadialum  Center 

Ari’N;  Teehnieal  Uhrary 

Hn'r^hes  Airerall  Com[jany 
Cenlinela  ami  I'eale 

A ITN:  Kenneth  K.  Walker.  MS  Dlo7 
A'f  I N;  .John  15.  Sin<*letan  .MS  H-Dldd 
ATTN;  I5ill\  W.  C'am[>bell  MS  ii-K-110 
ATTN:  Ttv'h.  Lil). 

Hushes  Airerall  Company 
Si)aee  Svstem.s  Division 

.VtTN;  WilliiunW.  Seotl,  MS  AIOHO 
ATTN:  KdwardC.  Smith,  MS  A(i20 

1I5M  Corporation 

ATl'N:  Trunk  Kvunkovsky 

lir  Heseareh  Institute 

A'l'  l'N:  Irving  N.  Mindel 
ATTN:  Jack  IN  Bridges 

InstiUkte  for  iX'fense  Analyses 

A TTN:  IDA  Librarian,  Ruth  S.  Smith 

Inti.  Tel.  k Telegraph  Corporation 

ATTN:  Ale.vander  T.  Richardson 

Ion  Physics  Corporation 

.VTTN:  Rol)ert  D.  Kvans 

IR  T Corporation 

ATTN:  R.  I..  Mert/. 

.•VT'TN;  .lames  A.  Naber 
.A  TTN:  Terry  Klanagan 

AT  TN:  Dennis  Swift 

.Jaycor 

ATTN:  Kric  P.  Weenas 
.\TTN;  Andrew  Wood.s 

.1  ayeor 

/\  T TN:  Robert  Sullivan 
A TIN:  Cat  hen  m*  Diresko 

lohns  H«»pkins  I niver.Mtv 
Applied  Pfivsie.s  l.;il»orati*r\ 

.\  T TN  Peter  K Partridge 

Katnan  .Si  ienee?*  Corp«*r.itjon 

ATTN  .\lbert  P.  Bridgi.s 
ATTN  W . lo.slerRuh 
A T TN  Donaltl  M.  Hrvee 
I TN:  John  R.  lloMman 
AMN.  I-ilir.irv 
AI  TN  Waller  K Wan- 


I.j  llo.i  S\  stems,  Inc- . 

(iuidanee  Control  Systems  Division 
ATTN:  R.  W.  Maughmer  • 

•A'TT.N:  .lohn  P.  Rel/.ler 
A T TN;  Vul  •) . A.shiiy,  MS  i'.7 

Lockheed  .Missiles  .-ijiace  Co.,  Inc. 

ATTN;  C.eorge  F.  Meath,  Dept.  Hl-lJ 
A'T'l'N:  Benjamin  T.  Kinuira,  Dept.  Sl-l-J 
.ATT.N:  Kilwin.A.  Smith,  Dept.  S.">-h.a 
.VT'TN:  Samuel  I.  Taimuly,  Dept.  s.5-s.a 
A TTN;  Philip  J.  Hurt,  DeiA.  h1_M 

Lockheed  Mis.siles  and  Sjiaee  Companv 

.A  TT.N;  CLirence  I . Kooi,  Dept.  .■>2-11 

L'T\'  .Acrospai-e  Coriioration 
Voughl  Systems  Division 

.A  TTN:  Chai  les  U.  Cok-man 

l.  T\  .Aerospace  Corporation 
Michigan  Division 

•ATTN:  Tech.  lab. 

.A  T'TN:  -lanu'S  1'.  San.son,  B-2 

M.l.  'T.  Lincoln  Uiboratorv 
.ATTN:  -Jean  L.  R>an 
.A  T TN;  Leona  Limghlin,  Librarian  .A-0s2 

.Martin  Marietta  .Aerospace 
y>rlaiuU)  Division 

A i 'TN:  -lack  M.  Ashford,  .MP-a:57 
ATTN:  .Mona  C.  CrilfiUi,  Ld).  -MP-:U' 

AT'TN:  William  W.  .Mras,  MP-JLi 

Marlin  .MarietUi  Corporation 

A TTN:  lien  T.  yiraham,  MS  PO-lTvl 
ATTN:  J.  L.  Coodwin,  Mail  lM.72 

Ma.\\\cll  LaiKiralorics,  Inc. 

ATTN:  \ ictor  Fargo 

McDonnell  Douglas  Corporation 

A Tl'N:  Paul  H.  Duncan,  Ir. 

•AT  TN:  Stanley  Sehneiiler 

Mission  Research  Corporation 
A TTN:  Daniel  F.  Higgins 
.A  T T.N:  Roger  Stettner 
ATTN:  William  C.  Hart 
A TTN:  C(»nrad  L.  l.ongmire 
.7  e\  A T TN:  Teeh . Lib. 

Mission  Researeh  Corporation 
A TTN:  Larrv  D.  Seotl 
.A  TTN;  D:t\i<l  i’.  Mt-revv ether 

Mission  lieseareli  ('oj*|ioration-San  Dic'go 
A Tl'N:  \ . .A.  I.  Van  Lint 

The  .Mitre  Corp»>ration 

.A  T'TN:  Theo<|ore  Jarvis 

Moloi'ola  liuM»iT>oi*ati*<l 
Semieoniluetor  tiroup 

ATTN:  James  H.  Bhiek 

Mot(vr<ila,  Ine. 

A'TJ'.N;  Ti-eh.  Into.  Ctr.,  .A.  •(.  KordaU'vvski 
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DKPAH  rMKN  r OF  I )K F KNSK  C’UN~n^-\C  TCU<S  (ConUnui-.li 


DKPAK  I'MKNT  Ui-  l)i:ri:NS|:  COM  HAC  roKS  (C\>nUmu-d 


NorUiroj)  C’orporuUon 

KU'fli'unic*  Division 

A T TN:  .lohn  M . livvtiuMs 
A J'  rX:  X’incfnt  Do.MarUno 
A TTN:  I'.  Ahlpofl 

Nor'Ui  rop  t'orpoi*atum 

Northrop  Ursraix'h  and  Tetdinoh'K.' 

A T TN:  David  N.  1‘oc’ock 

AITN;  ldl>rarv 

AI'TN:  Orlio  L.  C’urUs,  .Jr. 

Nortiirop  Corjioralion 

Kkx'tronic  Di\ision 

ATTN;  .losi‘[)h  D.  Itusso 

Phv.sics  Inlornational  Company 

A l'  l'N:  Doc.  Con.  for  Philip  \V.  Spcncc 
A I'  T.N:  iJ<x'.  C‘on.  for  .John  H . Huntinf;ton 
A T I N:  Ihx-.  Con.  for  Charles  U.  Stallings 
.\  r TN;  D(k‘.  Con.  for  Ian  1).  Sniilh 

1 hi  1 sa  r .\ssoei  ales , Ine . 

ATTN:  CharloUm  H.  .Jones,  .Jr. 

H N D Assoc  iati's 

ATT.N:  Hiehard  if.  Schaefer 
•\  l'  I'N:  Leonard  Sehles.sinji;er 
A I'TN:  S.  Clay  Holers 
.ATTN:  William  I.  Kar/as 
AITN:  William  U.  Craham,  Ir. 

The  Kami  Corporation 

ATTN:  Cullen  Crain 

Kaytheon  C’ompany 

.AI  FN:  Caiananll.  l»>shi,  Kadar  S\s.  l.;d). 

Maylheon  Compan\ 

A I TN:  llarolil  I..  I'lcscher 

IfC.A  Corporation 

Cmernmenl  N Commercial  S\stnns 

.Astro  KU’clroincs  Division 

Al  r.N:  iji'or^ic  I.  Lnicker 

HC.A  Corporation 

David  S;irnof|  Cmiler 

.ATTN:  K.  II.  /aininp,er 

HC.\  I'nrpntulion 

(tovermmml  A Comnu'reial  Svslmns 
A r i N:  Lteanor  K.  Dal\ 

.AT'l'N:  .Amirevv  L.  Warren 

KCA  Corjioi’ution 

Canulen  CompU-\ 

A l'  l'N:  !■;.  \'an  Keiiren, 

|{esearch  I riant;l<*  InsliUite 

.Al  IN:  See.  (Mli<*er  tor  llnji.  Div.,  M:iVT*ant 
Simons,  -Ir. 

liockurll  International  Corporaloni 
AITN;  I..  II.  Pinson,  i lDI 
Al'l'N;  Donald  .1.  .Stevens,  r.A7l* 

A'ri'N:  N.  f.  Pndie,  I'A.TI 
Al'l'N:  .lame.s  1,,  Hell,  ll.UO 
A ri  N;  1.  Spi'l/ 

A T TN:  Cicorne  C.  Mes.m>n^er,  I'lnil 


Koi*kvvc‘ll  lnlern:itional  Conmralion 
.A  l'l'N:  .John  V.  Ifoljcrls 

Hoekvvi  11  lnlei-nalion:d  Coi-jxMxition 
.\  riN:  T.  15.  'lales 

Satnlei's  .\ssoi.-i:iles,  Ine. 

ATTN:  l-d2Tn,  K.  (i.  DesjtaUu,  Sr.,  P 1' 
A'fTN:  Moe  1..  Ailel,  NCA  l-d^dtl 
.VriN:  lames  I..  Burrows 

Seienee  .Appliealjons,  Jne. 

A l I N;  Noel  U.  I5>  rn 

Seii-nee  .A|ipliealions,  Ine. 

AH  N;  .1.  Po-er  liilJ 

Seu'iiee  Ap|)liealions,  Ine. 

.A  TT.N:  Chari i‘S  Slevens 

Seienee  .Ajiplieaiions,  Ineorporaled 
.AI  TN;  William  I..  Chadsey 

Sidney  I'rankel  A.  .Associates 
A'l  r.N;  Sidnev  Kranke) 

Sinudalion  Phvsjes,  Ine. 

AT'l'.N:  KogerCI.  l.iUle 

I’lie  Sin.u,t‘r  Com[)an\ 

A I TN:  Irwiii  tloldman,  Kn^.  M;maj;emenl 

Sperrv  Klij^hl  Systems  Division 
Spei'rv  Hand  Corporation 

.A  TTN:  I).  .Andrew  Sehow 

Sperrv  Kami  C«irp(> ration 
I'mvae  Division 

A'l'TN:  -lames  A.  Imla,  MS  \\  V2~> 

Sperrv  Kami  Cor|H)r:ilion 
Spi-rrv  Division 

.ATl'N:  (.'Inirles  I..  Craij;.  L\' 

ATI'N:  Panl  Marralfino 

Sianiivrd  Ueseareli  Inslilule 
ATI'N:  Mi  l Bi'rnstein 
A I'TN:  .Arthur  1 ec  Whitson 
.A  1'  I N ; Si-tsuo  I >dai nkt 
A'l'  I N:  Philip  -I . Dolan 

SL:inford  Ui'seareh  Inslilule 

.A TI  N:  Maepherson  Morgan 

Sund.st r:ind  ( 'or|Mir:ii ion 

A r I N:  I'lirli^  15.  W lute 

S\  :-^lems,  Seienee  ami  SoMw;tre 
A l l N:  D:iud  A.  M.  .-ken 

S\stems,  Soenee  and  Sotlw.ire,  Ine, 

AITN:  Ira  Kal/ 

A ITN;  Andrew  K.  Wil.s.m 

S\  si  mil  - 1 vomuT  l 'orporat  ion 

.\TI'N:  llaroM  I).  Morns 


DKPAIM'MKNT  Ol'  DUrKNSK  CONTHACTOHS  (Continued) 


DKPAUTMKNT  01-’  DKKKNSK  COXTHAC  TOHS  (Continued 


ATTN;  rravis  L.  Simpson 

1 KW  Systems  tlroup 

A TTN:  .Jerry  I.  l.ubell 
ATTN:  Aaron  H.  Narevskv,  1U-21-J1 
AITN:  11.  II.  Hollowuv,  HU20:}(; 
ATTN;  li.  K.  Plelnieh,  HI -2078 
A i r.N;  Ttvh.  Info.  Center,  S-I9;i0 

2 cy  A FTN:  Robert  .M.  Webb,  H1-2-I10 

TRW  Systems  Croup 

.Vri'N;  .J.  M.  Corman,  .020  Til 
Ai  TN:  F.  R.  Fav,  .127/710 
ATTN:  Karl  W.  .Allen,  .120  T-U 


TRW  Systems  Crouj> 

ATTN:  Donald  W.  l>UK^sley 

Fnited  Technologies  Corp. 

.Norden  Division 

ATT.N:  Conrad  Corda 

Westinghouse  Fleclric  Coi*|K>ration 
Defense  and  Klectronie  Systems  Ctr. 

ATTN:  llenn'  P.  Kalapaea,  .MS  Ibl2.1 
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